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Sensor for components of a liquid mixture. 
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© A sensor electrode to detect one or more components in a 
liquid mixture comprises an electrically conductive material hav- 
ing at least at an external surface, the combination of an enzyme 
catalytic for a reaction of the desired component, and a mediator 
compound which transfers electrons from the enzyme to the 
electrode when such catalytic activity takes place. It can be used 
as an in vivo glucose sensor either with a silver electrode coated 
with e.g. glucose oxidase and a polyviologen as the mediator, or 
with a particulate carbon electrode, glucose oxidase and chloranil 
or fluoranii as mediator. Another system is to use bacterial 
glucose dehydrogenase or glucose oxidase as the enzyme and/ 
or ferrocene or a ferrocene derivative as the mediator compound 
to give electrodes with improved linearity, speed of response and 
insensitivity to oxygen. 
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This invention relates to equipment and methods 
for detecting the presence of, measuring the amount of, 
and/or monitoring the level of one or more selected 
components in a liquid mixture. 

While use may be made of this invention in 
chemical industry, especially where complex mixtures 
are encountered (e.g. in food chemistry or "biochemical 
engineering) it is of particular value in biological 
investigation and control techniques. More particularly, 
it lends itself to animal or human medicine, and in 
particular to in vivo measuring or monitoring of 
components in body fluids. 

For convenience, the invention will be described 
with reference primarily to one such procedure, the 
determination of glucose in a diabetic human subject, 
by the use of equipment which, while usable on a specific 
or occasional basis also lends itself to temporary 
or permanent implantation. However, while the provision 
of an implantable glucose sensor is a major object of 
the invention other and broader objects are not hereby 
excluded. 

In vivo glucose sensors have already been 
proposed. One proposal is based on direct oxidation of 
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glucose at a catalytic platinum electrode (see Hormone 
and Metabolic Research, Supplement Series Ho. 8, pp 10- 
12 (1979)) but suffers from the drawback of being non- 
specific and of being easily poisoned by interfering 
substances. Another proposal, for a procedure more 
specific to glucose, involves the use of glucose oxidase 
on an oxygen electrode (Adv. Exp .Med. Biol, 50 pp 189-197 
(197^0 )but is not very responsive to the high glucose 
concentrations. Other systems using glucose oxidase 
have he en proposed hut not fully investigated for 
in vivo methods, see e.g. J. .Solid-Phase Biochem. ± pp 
253 - 262 (1979). 

The inventors have recently carried out in 
vitro studies of enzyme-catalysed reactions using a 
mediator in solution to transfer the electrons arising 
from the enzyme, during its action, directly to the 
electrode, as described in Biotechnology Letters 3 
pp 187 - 192 (1981). 

It has now he en realised that mediator compounds 
can he associated with the sensor electrode structure 
thus rendering such electrodes available for use by 
in vivo methods . 

In one aspect the present invention consists 
in a sensor electrode for use in liquid mixtures of 
components for detecting the presence of, measuring the 
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amount of, and/or monitoring the level of, one or more 
selected components capable of undergoing an enzyme- 
catalysed reaction, the electrode being composed of 
electrically conductive material and comprising, at 
least at an external surface thereof, the combination 
of an enzyme and a mediator compound which transfers 
electrons to the electrode when the enzyme is catalytically 
active . 

Preferably the electrode is designed to determine 
glucose in vivo . The enzyme is therefore preferably a 
glucose oxidase, or possibly a glucose dehydrogenase, 
for example a bacterial glucose dehydrogenase. 

Glucose oxidase ( y -D-glucose: oxygen oxidoreductase , 
of enzyme classification EC 1.1.3-*) is a well known type 
of enzyme. Bacterial glucose dehydrogenase is of more 
recent discovery, and is believed to be a quinoprotein 
with a polycyclicquinone prosthetic group (PQQ) Reference 
is made to Duine et al TIBS, (Oct. 1981) 278 - 280 and 
Arch. Microbiol (1982) 131.27-31. 

Use of such a bacterial -glucose dehydrogenase in 
the present invention has certain advantages over the use 
of a glucose oxidase. The major advantage is that it can 
give an oxygen-insensitive glucose sensor, since the 
enzyme does not use oxygen as an electron acceptor. A 
suitable enzyme can be purified (as described in more 
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detail below) either by conventional chromatographic 
techniques or "by two -phase aqueous partition from a 
range of micro-organisms. A preferred micro-organism 
is Acirietobacter calcoaceticus but various Glue onob act er 
species (e.g. Gluconobacter oxidans) or Pseudomonas 
species (e.g. Pseudomonas fluorescens, Pseudomonas 
aeruginosa) can also he used. 

.Mediator compounds which may be used in 
accordance with the invention are of different 
chemical types but. ail possess the electron-transfer 
property referred to above. 

1. The mediator -may for example be a polyviolcgen, 

for example, the type of material described in J. Polym. 
Sci. 13 PP 1 - 16 (1975), J. Appln. Polym.Sci. 24 
pp 2075 - 85 (1979) or J. Polym. Sci. 17. pp 314-9-57 
(1979) . A specific preferred polyviologen is that 
compound made from £-dibromo xylene and 4.4 1 -bipyridyl, 
according to the following reaction: - 




and described in Polymer Letters 9 PP 289-295 (1971). 
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Such polyviologen material . , as described 
below, can be coated over or bonded to electrodes. 
It may include in its molecule longchain alkyi groups 
to increase its molecular weight and thus decreases its 
mobility. 

2. The mediator may be a low-molecular weight 

compound of the group comprising chloranil, fluoranil 
or bromanil. The ortho-sub stituted isomers, and 
especially o-chloranil, are preferred within this class. 

J. A. particularly preferred form of mediator 

compound is a ferrocene or ferrocene derivative. 

A ferrocene has, as its fundamental structure, 
an iron atom held "sandwiched" by dative bonds 
between two pentadienyl rings. It is an electroactive 
organometallic compound, acting as a pH-independent 
reversible one-electron donor. Various derivatives are 
available (e.g. with various substituents on the ring 
structure , possibly in polymer form) differing in redox 
potential, aqueous solubility and bonding constant to 
glucose oxidase or bacterial glucose dehydrogenase enzyme. 

For instance, the redox potential of the parent 
compound is +4-22 mV vs HHE. By introducing functional 
groups on to the ring system, E ! o can be varied between 
+300 and +650 mV. Moreover, the water -solubility of the 
carboxyi-substituted f errocenes is greater than that of 
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the parent compound. Further description will "be 

found in Kuwana 1., 1977, ACS Symposium Series, 38^ 15*. 



Among specific mediator compounds of this type 
are ferrocene itself, 1 ,1 1 -ferrocene dicarboxylic acid, 
dimethyl ferrocene, and polyvinyl ferrocene, e.g. 
of average molecular weight of about 16000. 

4- # Among further classes of mediator compounds 

for use in the present invention there figure 

(a) compounds of biological origin and hence general 
compatibility with any proposed in vivo use, 
e.g. Vitamin K 

(b) aOJcylsubstituted phenazine derivatives. 

The electrically conductive material of the 
electrode itself can be a metal, particularly silver, 
or carbon either as a pre-f ormed rod or as an electrode 
shape made up from a paste of carbon particles. Surface 
condition of the electrode is usually important. If 
metal, the surface can be roughened where it contacts 
the active materials (enzyme and/or mediator). If 
solid carbon, the surface can be "oxidised" i.e. prev- 
iously heat-treated in an oven with oxygen access. 

Of the two types of enzyme listed, the 
dehydrogenase is preferred, and of the mediators the 
ferrocene -type compounds are preferred. 
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Certain combinations - of the above materials, 
and certain configurations of electrode, are preferable 
in practice . 

Polyviologens may be used with metallic 
electrodes. In one modification the invention 
envisages a metal electrode (preferably silver and 
with a roughened surface) coated with a mixture of 
glucose oxidase and a polyviologen described above, 
for example, in an agar layer and having a dialysis 
membrane located over this coating in order to 
prevent loss of active material while still allowing 
passage of the small glucose molecules. 

Another modification of the invention provides 
a metal electrode coated with a stable film of 
glucose oxidase and a polyviologen co-immobilised 
on the metal surface e.g. by albumen and glut ar aldehyde . 

Yet another modification of the invention 
envisages a conductive electrode made of or including 
material to which a polyviologen is covalently 
bonded and further combined with glucose oxidase. 
The large polyviologen molecule . projects from the 
electrode surface and this is believed to facilitate 
interaction with the enzyme. 

In that form of the invention using poly- 
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viologens , as exemplified in the three modifications 
above, it is an objective to keep loss of active 
material (enzyme or mediator) to a very low level i.e. 
by the s-urro-anding membrane, co -immobilisation or 
covalent "bonding. In a different form of -the invention, 
however, still using glucose oxidase, a rather higher 
level of loss of active material is tolerated, giving 
a sensor electrode of reduced hut still useful life, 
coupled -with improved sensitivity and selectivity. 

In this form of the invention the electrode 
is composed of particulate carbon mixed with a low 
molecular weight mediator disseminated throughout 
the electrode and glucose oxidase. Chloranil and/or 
fluoranil are usedul mediator substances. It is envisaged 
to construct from such an electrode a replaceable 
sensor tip to a needle-type prohe for projecting only 
into the dermis so as to allow ready replacement. 

Optionally, enzyme immobilisation materials, 
or polymeric electrode admixtures e.g. TEFLON, or 
long-chain alkyl derivatives of mediators of increased 
molecular weight and thus decreasedmobility, can he 
incoporated. 

In a particularly valuable form of the invention, 
however, the electrode comprises a carbon core, a layer 
of ferrocene or a ferrocene derivative at a surface 
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thereof and a layer of glucose oxidase or glucose 
dehydrogenase at the surface of the ferrocene layer. 
The enzyme layer is preferably immobilised at the 
surface of the underlying mediator, retained in a 
self-sustaining gel layer thereupon and/or has a 
retention layer thereover permeable to the glucose 
moleculer • 

The carbon core can itself be solid or a stiff 
paste of particles • normally, it will present a smooth 
surface for the ferrocene or ferrocene derivative, 
which may be adhered thereto in a number of ways , for 
example , 

(a) For a monomeric ferrocene or ferrocene derivative, 
by deposition from a solution in a readily 
evaporatable liquid e.g. an organic solvent such 
as toluene. 

(b) For a ferrocene polymeric derivative, deposition 
from a readily evaporable organic solvent 

for the polymer such as chloroform* J. Polymer 
Sci. 1976, 14 24-33 describes preparation of a 
polyvinyl ferrocene of average molecular weight 
about 16000 which can be deposited in this way, 

(c) For a polymerisable ferrocene -type monomer, by 
electro chemically induced polymerisation in 
situ, e.g. by dissolving vinyl ferrocene in 

an organic electrolyte containing tertiary butyl 
ammonium perchlorate in concentration about 1M 
and depositing at a potential of - 700 mV 
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vinyl ferrocene radicals as a polymer in situ, 
(d) By covalent modification of the carbon 

electrode e.g. by carbo-diimide cross-linking 
of the ferrocene or ferrocene derivative 
on to the carbon. 

The enzyme to be coated on to the ferrocene or 
ferrocene derivative can be the glucose oxidase or the 
bacterial glucose dehydrogenase. The glucose oxidase 
can be immobilised to the underlying surface e.g. by 
the carbo-diimide material DCC (1-cyclohexyl-3-(2- 
morpholino ethyl) carbo-diimide metho-p_-toluene 
sulphonate) which gives a thin strongly bound layer, 
a good linear response to low glucose concentrations, 
and oxygen insensitivity (because of the competition 
from the ferrocene with oxygen for electrons trans- 
ferred to the enzyme redox centre from the substrate). 
Using DCC immobilisation of glucose oxidase on 
ferrocene also extends the top end of the linear 
range of the sensor from about 2mM to 40mM. 

Other methods of immobilisation, or other 
forms of protection e.g. incorporatedinto a self- 
supporting gelatine layer, are also possible. 

The bacterial glucose dehydrogenase can also be 
immobilised at the mediator surface, but may be merely 
deposited from an evaporatable solution, or held in a 
gelatin layer. 
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Optionally, but preferably when being used on 
live blood, a protective membrane surrounds both 
the enzyme and the mediator layers, permeable to 
water and glucose molecules. This can be a film of 
dialysis membrane ,resiliently held e.g. by an elastic 
O-ring. It can however also with advantage be a layer 
of cellulose acetate, e.g. as formed by dipping 
the electrode into a cellulose acetate solution in 
acetone. 

It will be apparent that while the invention 
has primary relevance to a sensor electrode, es- 
pecially such an electrode specific for glucose, 
it also relates to the combination of such an 
electrode and temporary or permanent implantation 
means, e.g. a needle-like probe. Also, such an electrode, 
connected or connectable, with signal or control 
equipment, more especially with an insulin adminis- 
tration means, constitutes an aspect of the invention. 
Moreover, a method of monitoring a diabetic subject 
involving the use of a temporarily or permanently im- 
planted electrode as described above is also within 
the scope of the invention. 

The electrodes according to the invention 
permit the manufacture of an improved macro-sensor 
for use in hospital analytical glucose -sensing in- 
struments of the existing type. The advantages compared 
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to known instruments would be that the increased 
linear range together with very low oxygen sensitivity 
would allow omission of the dilution step involved 
in blood analysis in current instruments. Moreover, 
as described in more detail below, the response 
times of such electrodes are short (24- - 36 seconds 
for 95% of steady state depending on complexity of 
solution) . 

The electrodes of the invention, on the 
macro-scale could be incorporated into simple, cheap 
electronic digital read-out instruments for doctors 
surgeries or diabetic home-testing kits. 

Use of a small version of the macro-sensor 
would be possible in a device which automatically 
takes a blood sample from the finger, brings it into 
contact with the sensor, amplifies the signal and 
gives a digital readout. Use of a micro-version of 
the sensor in a watch type device for monitoring glucos 
interstitial fluid in the skin could also be envisaged 
It would be worn on the wrist and would have a dis- 
posable sensor cartridge in the back with one or more 
separate, fine, needle-type sensors. Each would feed 
into the electronics which if several sensors were 
used would cross-refer the current inputs to ensure 
r eliability . 
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Connection of such devices to external insulin 
delivery systems could act as a feedback control loop 
for an insulin pump. Indeed, such a device could be 
housed in the canula used to feed insulin into the 
body from a pump and again serve as a sensor for the 
feedback loop. Other uses such as a hypoglycaemia 
alarm, or digital read-out monitor, are also possible. 

The invention will be further described with 
reference to the following Examples 1 to 3 and to the 
accompanying drawings, in which: 

Figure 1 is a diagrammatic longitudinal cross- 
section through a glucose sensor electrode, 

Figure 2 is a diagrammatic longitudinal cross - 
section through a different form of glucose sensor 
electrode, 

Figure 3 is a graph of the current sensed by 
the electrode of Figure 2, against glucose concentration, 

Figure 4 is a diagrammatic longitudinal cross- 
section of the electrode of Figure 2 located within a 
hypodermic needle, 

Figure 5 is a diagrammatic longitudinal cross- 
section through a yet further glucose sensor electrode, 

Figure 6 is a graph analogous to Figure 3 for 
the electrode of Figure 5, 

Figure 7 is a graph analogous to Figure 3 for 
an electrode incorporating a glucose dehydrogenase. 
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Example 1 

Purification of Quinoprotein Glucose Dehydrogenase 
(GDH) from Acinetobacter calcoaceticus 
(a) Growth of Organisms 

Strain HCTC 7844 was grown on sodium succinate 
(20 gl~ 1 ) in batch culture at pH 8.5 and 20° c - Cells 
were harvested after 20 hours A 6Q0 = 6.0) using a 
Sharpies centrifuge, and stored frozen* 
Ch) Purification of Glucose Dehydrogenase 

The method is "based on the method of J A Duine 
et al (Arch Microbiol, 1982 vide supra) but with 
modifications as follows. 

1. 100 g. of cells were thawed, re suspended in 3 
300 ml. of 56 mM Tris/39 ^ glycine and treated for 
20 minutes at room temperature with 60 mg. lysoz^me. 

2. Triton X-100 extracts were combined and 

treated with 0.01 mgml of deoxyribonuclease I for 

15 minutes at room temperature. The resulting suspension 

o 

was then centrifuged at 4-8000 xg for 25 minutes at 4 C 
The supernatant from this centrifugation was then 
treated with amm onium sulphate. The yellow protein 
precipitating between 55 and 70% ammonium sulphate was 
resuspended in 36 mM Tris/39 mM glycine containing 1% 
Triton X-100 anddialysed against that buff er at 4-°c 
for 5 hours. 



3- 



Active fractions from the CM sepharose C1-6B 



15 0078636 

column were combined and concentrated using Willipore 
CX-30 immersible ultraf ilters . 
Example 2 

Purification of Quinoprotein Glucose Dehydrogenase 
f r0 m Acinetobact;er calcoaceticus (alternative method) 
(a) Growth of Organisms 

The method of Example 1 was repeated. 
QQ Purification of GDH 

The method is "based on the partitioning of 
proteins between two liquid phases. The steps were:- 
1 „ Cells were thawed and resuspended at 3 ml/g 

wet weight in 50 mM sodium, phosphate, pH 7,0. They were 
then pre-cooled on ice and passed once through a 
Stansted pressure cell (made by Stansted Fluid Power 
Ltd., Stansted, Essex, UK) at 25000 psi. This provided 
the cell-free extract. 

2. The cell-free extract was then mixed for 15 
minutes at room temperature with 50% (w/v) polyethylene- 
glycol 1000, 50% (w/v) sodium phosphate, pH 7-0 and 
distilled water in the proportions of 2:4:3:1 
respectively. This mixture was centrifuged at 5000 rpm 
for 5 minutes to brealc the emulsion. 

3. The lower layer was aspirated off and desalted 
immediately, by either diaf iltration using an Amicon 
hollow-fibre ultrafiltration cartridge of 10000 mwt 
cut off, or by passage through a Sephadex G50 (medium 
grade) gel filtration column. 
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4. The resulting solution was concentrated 

using an Amicon PM10 membrane in a nitrogen pressure 
cell. 

Example 5 

- 5 Interaction "between ferrocene and glucose 

oxidase 

DC cyclic voltammetry was used to investigate 
the homogeneous kinetics of the reaction between 
ferrocene and the glucose oxidase enzyme under substrate 
10 excess conditions. A two compartment electromechanical 
cell of 1.0 ml volume fitted with a Luggin capillary 
was used. The cell contained a 4-.0 mm gold disc working 
electrode, a platinum gauze counter-electrode and a 
saturated calomel electrode as a reference. A series 

15 of volt amo grams for ferrocene was recorded at scan 

1 

rates of 1-1000 mVs in 50 mM potassium phosphate 
buffer, pH 7.0. The data showed that the mediator 
acted as a reversible, one-electron acceptor E q =+165 ^V" 
SCE. 



20 Addition of 50 mM glucose has no discernable 

effect on the electrochemistry of the mediator (50(^<m). 
Upon addition of glucose oxidase (l0^,m), however, an 
enhanced anodic current was observed in the vol tamo gran a~ 
oxidising potentials with respect to the mediator. This 

25 indicated catalytic regeneration of the reduced form 

of the mediator by glucose oxidase. Quantitative kinetic 
data was obtained for- this reaction using an established 
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procedure (Nicholson, R.B. and Shain, J., 1964, 
Anal. Chem. . 56, 707) . The mediator gave a second order 
rate constant for the reaction between ferricinium ion 
and reduced glucose oxidase of K=10 m s . This 
5 ability of the ferricinium ion to act as a rapid 

oxidant for glucose oxidase facilitates the efficient 
coupling of the enzymic oxidation of glucose. 

Example 4 

The procedure of Example 3 was repeated using 

10 1 ,1 « -ferrocene dicarboxylic acid instead of ferrocene. 

The value of Eo' was determined to be +420 mV, and the 

second order rate constant of the ferricinium ion and- 

4 —1 -1 v. 

reduced glucose oxidase was again 10 m S ,thus 
confirming the conclusions drawn from Example 3. 

15 Example 5 

Glucose oxidase/polvviologen 
For experimental purposes an in vitro sensor 
was made up as shown in Figure 1 . 

A silver disc 1 was glued at 2 over the lower 
20 end of a length of 12 mm glass tubing 3- A wire 5 was 
soldered to the back of the silver disc at 6. The 
tubing was placed inside a "Teflon" sleeve 7, and the 
outside of the disc 1 roughened at 8. A solution 
containing glucose oxidase and the o-dibromo xylene/ 
25 4, 4'bipyridyl polyviologen was applied over the roughened 
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surface 8 and dried to layer 9. A subsequent layer 10 
of -molten agar also containing the glucose oxidase and 
.polyviologen, of approximately 1 mm in thicleness was 
placed over the layer 9, and solidified. Finally, 
dialysis membrane 11 was placed over tiie assembly and 
held "by 0-ring 12. 

To demonstrate the principle of using the 
polyviologen mediator to couple electrically the 
glucose oxidase to an-electrode the sensor was placed 
in a buffered electromechanical cell, which was 
stirred and agitated with a current of nitrogen. The 
electrode was held at -90vM vs SCE, and current flow 
measured on a chart recorder. Aliquots of glucose were 
added. As the glucose concentration in the solution 
increased, over the range of 1 to 8mM, the current 
also increased, indicating that the electrode was 
acting as a glucose sensor. 

Example 6 

Glucose oxidase/Chloranil 

Chloranil (lOmg) was mixed with carbon powder 
(1.5g) and MJJOL (1ml) to form a paste 'and used as 
an electrode in a similar liquid system to the above. 
The electrical coupling between the enzyme and electrode 
was so effective that the enzyme preferentially reduced 
the electrode rather than the oxygen, so that the system 
was oxygen-insensitive. The current response was linear 



over the 
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1_iOmK glucose concentration range. 



Example 7 

Glucose/Oxidase Dimethyl Ferrocene 

Mini electrode for in vivo glucose sensing in 

skin 

A graphite rod 13 (Figure 2) with an oxidised 
surface, 30 mm long x 0.9 mm diameter is glued with 
epoxy resin into a nylon tube 14 25 mm long, 0.9 m 
inside diameter, 1,3 mm outside diameter. The end 15 
of the electrode is dipped into a solution of dimethyl 
ferrocene, (10 mg/ml) in toluene, and the solvent is 
then allowed to evaporate. 

The end 15 of the electrode is placed into a 
solution of water soluble DCC (25 mg/ml) in acetate 
"buffer, pH 4.5 for 1 hour. It is then rinsed, in buffer 
only, for 5 minutes and thereafter placed in a solution 
of glucose oxidase (10 mg/ml) in acetate buffer, ph 5-5, 
for hours before again rinsing in buffer. The tip 
of the electrode 15, with the layers of dimethyl ferrocene 
and immobilised enzyme is then dipped into a solution 
of cellulose acetate dissolved in acetone and fornramide 
and put into ice water for several minutes, to give 
a protected and stable electrode. 

This electrode was connected to a potentiostat , 
together with a suitable counter electrode and calomel 
reference electrode and placed in a solution containing 
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glucose. The potential of the working electrode is kept 
at +100 mV to 300 mV relative to the calomel electrode, 
i.e. as low as possible to avoid oxidation of potentially 
interfering substances. A current is produced which is 
proportional to the glucose concentration. The time for 
95% of response is less than 1 minute and the electrode 
gives a near linear response over the range 0 -32 mM 
glucose, as shown in Figure 3- Slow loss of activity 
f errocene(due to slow loss of f errocinium ion) can be 
minimised by keeping the electrode at a potential between 
0 and -lOOmV vs. a standard calomel electrode when not 
in use. 

Figure 4- shows in section an electrode structure in 
which an electrode (references as in Figure 2) of much 
smaller size is held within a hypodermic needle 16 plugged 
at its point 17 but with side windows 18 for passage of 
blood or other body fluid. The small size of such an 
electrode and its linear response over a large range of 
glucose concentrations makes it possible to use the 
electrode for in vivo 'glucose determination on both 
severely diabetic and normal individuals. 
Example 8 

Glucose Cbcidase/Ferrocene 

In vitro sensor 
A carbon rod 19 (Figure 5) Ultra carbon, grade U5, 
6 mm x 15 mm) with a metal connector 20 secured in one 
end was sealed in glass tubing 21 (borosilicate , 
6 mm i.d. x mm) with an epoxy resin (araldite). (not 
shown). The exposed surface at 22 was polished with 
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emery paper and washed with distilled water. The 
entire rod was heated in an oven for 40. h at 200°C to 
given an oxidised surface at 22. 

15Jkl of ferrocene (20 mg/ml in toluene) was 
pipetted onto the oxidised surface and allowed to dry 
completely. The rod was then placed in 1 ml of water- 
soluble DCC (25 mg/ml in 0.1M acetate buffer, ph 4.5) for 
80 min at room temperature. The rod was then washed in 
0.2 M carbonate buffer, pH 9-5 and placed in a glucose 
oxidase solution (Sigma type X, 12.5 mg/ml) for 1£ hours 
at room temperature. It was finally washed^ with water 
with a pH 7 buffer containing 0.2 g/1 glucose) and stored 
at 4-°C. 

The characteristics of the above electrode 
were determined in a nitrogen-saturated buffer solution 
(0.2M NaP0 4 ,pH 7.3) and are shown in Figure 6. The 
curve is linear from 2 to 25 mM glucose and reaches 
saturation current at lOOmM in glucose. 

In separate tests with an air-saturated buffer 
at 8mM glucose the current was measured as being at least 
95% of that produced in the nitrogen-saturated buffer. 

Response time was also measured, being the 
time taken to achieve 95% of maximum current for the 
given glucose conc< With the nitrogen-saturated 
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"buffer an electrode as described above had a response 
time of 24- seconds at 2mM glucose and 60 seconds at 
6mM glucose. With the same buffer, such an electrode 
modified by a cellulose acetate membrane coating (produced 
5 as in Example 7) gave response times of 36 seconds 
(2mM) and 72 seconds (6mM) . With blood, this modified 
electrode gave response times of 36 seconds (blood 
with a known 2mM glucose content) and 72 seconds (blood 
at a known 6mM glucose content), 

10 Electrodes as above were stored in 20isM ETaPO^, 

pH7 for 4* weeks at 4°C as a stability test and thereafter 
re-examined as above. The results were within 10% and 
usually within 5% of results with a freshly made electrode. 

Example 9 

15 Glucose Dehydrogenase/fferrocene 

A stiff carbon paste was made up from 1 .6 g of 
Durco activated charcoal and 2.5 ml of liquid paraffin. 
A Pasteur pipette of 6 mm internal diameter was blocked 
2mm from its wide end by a silver disc to which a 

20 connecting wire was soldered*The space between the disc 
and the end of the pipette was filled with the carbon 
paste, and the surface of the paste was polished with 
paper until smooth and even. 



A single 20 microlitre drop of a toluene 
25 solution of ferrocene (20 mg/l) was placed on the 
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smooth, surface and allow to spread and evaporate to 
leave a film of the ferrocene. 

A further drop of 25 microlitres of "bacterial 
glucose dehydrogenase solution as obtained in Example 
5 1, containing between 1 and 10 mg. of protein per ml, 
was placed on this ferrocene surface and allowed to 
spread. 

A cover of dialysis membrane was secured over 
the so-coated end of the electrode by a tight-fitting 
10 0-ring. 

Example 10 

Glucose Dehydrogenanse/Ferrocene 
The procedure of Example 9 was repeated but 
using as electrode the same carbon paste packed into 
the space defined between the end of a length of nylon 
tubing and a stainless steel hypodermic needle shaft 
inserted therein terminating 2 mm. short of the tubing 
end, so as to define a small electrode body. The electrode 
was further fabricated using only 5 microlitres of the 
ferrocene solution .and 1 mic'rolitre of the enzyme 
solution. 
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Example 11 

Glucose DehydroKenase/Ferrocene 

The procedure of Example 9 was repeated using 
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as electrode a solid carbon rod (Ultracarbon grade 115 
6 mm diameter) within a Pyrex glass tube 3 cm long and 
6 mm internal diameter and connected to a stainless 
steel hypodermic shaft, giving a construction similar 
to that shown in Figure 5. The end of the carbon rod 
was polished smooth with emery cloth and aluminium 
oxide powder prior to the application of the 
f err o c ene s o lut ion . 

Example 12 

Glucose Dehydrogenase/Eerrocene 

A gelation-entrapped glucose dehydrogenase 

was prepared by mixing at 37°C, 25 mg gelatin, 

0.5 ml of the glucose dehydrogenase solution as 

described in Example 9 and 2.5 microlitres of TEMED. 

After complete dissolving of the gelatin 200 microlitres 

2 

of the solution was spread over an area of 2 cm and 
allowed to dry under a stream of cold air, 

p 

A disc of 0.25 cm area was then used instead 
of the drop of enzyme solution in Example 9* 

Example 13 

Glucose Behyd^Q'genase/Eerrocene 
Example 12 was repeated using a disc of 
the gel of 1 mm 2 area and applying it instead of the 
drops of enzyme solution in the construction of example 
10. 
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The results obtained from the electrodes 
described in Examples 9 to 13 are all similar, and 
show a very specific electrode of low oxygen sensitivity. 
By way of example, the electrode of Example 12 was 
calibrated and gave the results shown in Figure ?. 

Devices such as shown in the Examples 
offer advantages over most of the enzyme-based sensors 
currently available. When compared to such sensors 
prior to dilution steps, the present electrode has 

0 an equal or faster response time, the ability to 
operate under anaerobic conditions, greater oxygen 
insensivity (important in blood samples, where oxygen 
concentration is variable) , extended linear range 
covering the complete physiological range and comparable 

15 specificity, stability and eas^ of manufacture. 
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CLAIMS: 

1 # A sensor electrode for use in a liquid mixture of 

components for detecting the present of, measuring 
the amount of, and/or monitoring the level of, one 
or more selected components capable of undergoing an 
enzyme-catalysed reaction, the electrode "being composed 
of electrically conductive material, characterised in 
that it comprises at least at an external surface 
thereof, the combination of an enzyme and a mediator 
compound which transfers electrons to the electrode when 
the enzyme is catalytically active. 

2. A sensor electrode as claimed in claim 1 

characterised in that the enzyme catalyses a reaction of 
glucose whereby there is provided a glucose sensor. 
* 

5. A sensor electrode as claimed in claim 2 

characterised in that the enzyme is a glucose oxidase. 

4-. A sensor electrode as claimed in claim 2 

characterised in that the enzyme is a "bacterial glucose 
dehydrogenase . 

5. A sensor electrode as claimed in claim 4- 

characterised in that the glucose dehydrogenase is 
separated from Acinetobacter calcoaceticus . 
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6. A sensor electrode as claimed in any of claims 

1 to 5 characterised in the mediator compound is a poly- 
viologen, o-chloranil, or a ferrocene -type compound. 

7. A sensor electrode as claimed in claim 6 
characterised in that the ferrocene -type compound is 
ferrocene itself 1 ,1 1 -f errocenedicarboxylic acid, 
dimethyl ferrocene, or polyvinyl ferrocene. 

8. A sensor electrode as claimed in any of claims 1 
to 7 characterised in that the electrode is made of 
silver, of a carbon particle paste or of solid carbon. 

9. A sensor electrode as claimed in any of claims 
1 to 8 characterised by the particular combination in 
which the electrically conductive material is carbon, 
the mediator compound is a layer of ferrocene or a 
ferrocene derivative and the enzyme is a glucose oxidase 
or bacterial glucose dehydrogenase located upon the 
layer of mediator compound. 

10. A sensor electrode as claimed in claim 9 
characterised in that the ferrocene or ferrocene 
derivative is in monomeric or polymeric form and 
deposited from a readily evaporatable organic solvent 
therefor; or in polymeric form and produced at the 
surface by polymerisation of the corresponding monomer; 
or is bonded to the carbon electrode by carbo-diimide 
cross -linking . 
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11. A sensor electrode as claimed in claim 9 or 

10 characterised in that the enzyme is a glucose oxidase 
immobilised on the mediator by DCC. 

12. A sensor electrode as claimed in claim 9 or 
10 characterised in that the enzyme is a "bacterial 
glucose dehydrogenase either deposited on the mediator 
layer from an evaporatable solution, or held in a 
gelatine layer at the surface of the mediator layer. 

13. A sensor electrode as claimed in any of claims 
9 to 12 characterised by having an outermost protective 
membrane permeable to water and glucose molecules , such 
as a layer of cellulose acetate deposited from a 
solution thereof. 

14. A sensor electrode as claimed in any one of 
the proceeding claims 1 to 13 in combination with 
temporary or permanent implantation means such as 

a needle-like probe. 

15. A sensor electrode combination as claimed in 
claim 14 in further combination with signal or control 
equipment. 
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